In this study, we investigated changes in resting state networks (RSNs) in patients with gliomas located in the left hemisphere and its relation to cognitive function. We hypothesized that long distance connection, especially between hemispheres, would be affected by the presence of the tumor. We further hypothesized that these changes would correlate with, or reflect cognitive changes observed in patients with gliomas. Resting state functional MRI datasets from 12 patients and 12 healthy controls were used in the analysis. The tumor's effect on three well-known RSNs including the default mode network (DMN), executive control network (ECN), and salience network (SN) identified using independent component analysis were investigated using dual regression analysis. Scores of neuropsychometric testing (WAIS-III and WMS-R) were also compared. Compared to the healthy control group, the patient group showed significant decrease in functional connectivity in the right angular gyrus/inferior parietal lobe of the ventral DMN and in the dorsolateral prefrontal cortex of the left ECN, whereas a significant increase in connectivity in the right ECN was observed in the right parietal lobe. Changes in connectivity in the right ECN correlated with spatial memory, while that on the left ECN correlated with attention. Connectivity changes in the ventral DMN correlated with attention, working memory, full IQ, and verbal IQ measures. Although the tumors were localized in the left side of the brain, changes in connectivity were observed in the contralateral side. Moreover, these changes correlated with some aspects of cognitive function indicating that patients with gliomas may undergo cognitive changes even in the absence of or before the onset of major symptoms. Evaluation of resting state networks could be helpful in advancing our hodological understanding of brain function in glioma cases.
Introduction deactivation profiles of the language task datasets. They found increased DMN connectivity in the hippocampal lesions but decreased connectivity in the VMPFC. In addition, they observed decrease in connectivity in low grade gliomas instead of high grade gliomas. These two reports were in agreement in terms of the DMN changes in glioma patients, though some differences existed in the details. Recently, Xu et al showed that decrease in network's global efficiency correlated with intellectual decline in glioma patients.
In this study, we used resting state fMRI and investigated the above-mentioned RSN in glioma patients with little or no neurological functional deficits. We hypothesized that long distance connection, especially between hemispheres, would be affected by the presence of the tumor which would manifest as changes in functional connectivity within networks. For this, we only looked at patients with brain tumor on the left hemisphere. Since both DMN and SN are bilateral, and the left and right ECN have component regions in the contralateral side, changes in connectivity in the right hemisphere can confidently be attributed to the tumor on the left hemisphere. We further hypothesized that these changes would correlate with, or reflect cognitive changes observed in gliomas patients. For this, we compared connectivity changes to the score of representative neuropsychometric examinations for cognition. To our knowledge, this is the first report that looked at the relationships between RSN changes and cognitive function in glioma cases. The importance of hodological understanding for these cases is also discussed.
Methods

Study participants
Twelve patients (mean age: 44.9 years old) with gliomas on the left hemisphere recruited from Nagoya University Hospital and 12 healthy control volunteers (mean age: 44.8 years old) were included in this study. The inclusion criteria for the patient group were as follows: 1) tumors were located in the left side, 2) tumor pathology was confirmed by surgery as gliomas, 3) the patient's Karnofsky performance score (KPS) was greater than 80 (normal activity with effort, some signs or symptoms of disease), and 4) patient had no or minor neurological focal deficit such as speech disturbance or paresis. Tumor location is summarized in a frequency map shown in Fig. 1 and Table 1 . Tumor volume, estimated by an expert neurosurgeon using each patient's high resolution T1-weighted anatomical image and T2-weighted image, ranges from 0.6 mm 3 to 103.5 mm
3
. The combined volume of tumor and edema was also calculated using T2-weighted images and ranged from 1.0 mm 3 to 118.7 mm 3 . Tumor pathology was confirmed at the time of surgical removal of tumor. These characteristics are summarized in Table 1 .
In neurological examination, 4 patients had slight speech difficulty. All patients had no apparent paresis in the limbs. Lesion-related epilepsy was seen more than once in all patients. Some patients and their family reported loss of attention, decrease of memory, performance difficulty, and minor changes of characteristics. Results of cognitive testing are also listed in Table 2 . Edinburgh handedness inventory was examined and confirmed that all participants were right handed. All participants have regularly taken anticonvulsants for control of epilepsy. One patient with large tumor (Number 11 in Table 1 ) has received corticosteroids for control of intracranial pressure.
Written informed consent was obtained from patients and healthy control volunteers prior to their participation in accordance with the study design and protocol approved by Nagoya University's institutional review board (No. 2013-0081-2).
Image acquisition
All MRI scans were performed using a Siemens Magnetom Verio (Siemens, Erlangen, Germany) 3.0 T scanner with a 32-channel head coil at Nagoya University's Brain and Mind Research Center. A high resolution T1-weighted image (TR = 2.5 s, TE = 2.48 ms, 192 sagittal slices with a distance factor of 50% and 1 mm thickness, FOV = 256 mm, 256 x 256 matrix size, and an inplane voxel resolution of 1 x 1 mm 2 ) was acquired for anatomical reference from each participant. Resting state functional images were also acquired with the following imaging parameters: TR = 2.5 s, TE = 30 ms, 39 transversal slices with a 0.5 mm inter-slice interval and 3 mm thickness, FOV = 192 mm, 64 x 64 matrix dimension, flip angle = 80 degrees, and 198 volumes. Participants were instructed to close their eyes during the scan, but not to fall asleep. Other functional scans were also acquired in the same imaging session but the analysis of these datasets will be reported somewhere else. T2-weighted image (TR = 3.2s, TE = 498ms, 192 sagittal slices and 1 mm thickness, FOV = 256mm, 256 x 256 matrix size, and an in-plane voxel resolution of 1 x 1 mm 2 ) was also obtained to evaluate volume of the tumor and peritumoral edema, and was used neither for preprocessing nor functional connectivity analysis.
Image preprocessing
Functional and anatomical images were pre-processed using the FSL software package [23] . Each participant's T1-weighted anatomical image was skull stripped using FSL's brain extraction tool [24] . The extracted brain was then normalized to the MNI152 template using FLIRT [25] . Functional images were realigned to a representative volume from the series, coregistered to the extracted brain, and smoothed using an 8 mm full-width-at-half-maximum Gaussian filter. The smoothed functional images were then normalized to the MNI152 standard space using the same transformation matrix applied in normalizing the extracted brain image to the MNI space. The normalized images were resampled to an isotropic voxel resolution of 2 x 2 x 2 mm 3 . Functional images were visually inspected for co-registration errors and potential image distortions after normalization due to the presence of tumor. Alignment of key anatomical landmarks such as the corpus callosum and ventricles with the reference anatomical template was used to verify proper image registration. Three patients with recurrent tumor (Numbers 6, 7, and 10 in Table 1 ) have titanium plate implants for cranioplasty near tumor location, darkening the image intensity in neighboring voxels. This effect was localized in areas close to the implants. For patients 6 and 8, unaffected areas surrounding the tumor were also somewhat pushed outward due to the presence of the large tumor mass. For these patients, registration of the right hemisphere, however, appeared to be mostly unaffected. For the rest of the patients, registration showed no significant deviations from the landmarks. To verify that the observed changes were not driven by one or more patients due to registration errors, regions showing significant difference in functional connectivity were further analyzed. Signals within these regions were extracted and inspected for potential outliers.
To correct for physiological noise and other nuisance signals, we regressed out the estimated motion parameters, the global signal, and mean signals from selected regions-of-interest within the cerebrospinal fluid and white matter. Analysis of the estimated motion parameters indicated no significant movement exceeding one voxel and a two-sample t-test indicated no significant difference between the mean absolute displacements of the two groups. Regressing out the global signal has been shown to artificially introduce strong negative correlation (anti-correlation) in some resting state networks [26, 27] . To avoid this, negative correlations were excluded in our analysis. Functional connectivity analysis
The preprocessed resting state datasets from the 24 participants were temporally concatenated and group independent component analysis (ICA) using a temporal concatenation approach was performed using the MELODIC software from the FSL package. Thirty group level independent components (ICs) were extracted to be consistent with the way the RSN templates ( [28] , http://findlab.stanford.edu/functional_ROIs.html) we used were generated. Of the 30 extracted ICs, we selected 6 components with the greatest overlap to RSN templates of the DMN (dorsal and ventral), ECN (left and right), and SN (anterior and posterior). Differences of these networks between the patient group and healthy control group were examined using dual regression analysis [29] . In brief, the method involved using the full set of group ICs as spatial regressors in a linear model fit to obtain the temporal dynamics associated with each component for each subject. These time courses are then used as temporal regressors in a second regression analysis to estimate subject-specific spatial maps associated with each group IC. Statistical analyses of the different component maps were performed using nonparametric permutation testing with 5000 permutations for each component of interest (e.g., DMN, ECN, and SN) to identify regions showing statistically significant differences in connectivity between the patient group and the healthy control group. A threshold-free cluster enhancement technique was used to control for multiple comparisons [30] . All reported statistical maps are corrected for multiple comparisons by controlling family-wise error rate with p < 0.05.
Seed-based connectivity analysis
We further investigated the regions showing significant changes in functional connectivity obtained in the dual regression analysis using seed-based analysis. The motivation is to identify whether such changes in RSN connectivity can be accounted by the tumor location. For this, regions showing significant difference in RSN connectivity were used as seed ROIs (region of interest). The time series from all voxels within the ROI were extracted from the same preprocessed datasets used in group ICA and the ROI's mean series were then computed. Whole brain correlation map was generated by computing Pearson's correlation coefficient between the mean series and the time series of all voxels within the brain. This map was then converted into a z-score map using Fisher transform and a two-sample t-test was performed to identify regions showing significant difference in connectivity between patients with brain tumor and healthy control volunteers.
Correlation with behavioral data
We assessed the significance of the changes in functional connectivity to the patients' cognitive function as measured by the patient's neuropsychometric evaluation score. For neuropsychometric evaluation, the third edition of the Wechsler Adult Intelligence scale (WAIS) and revised edition of Wechsler Memory Scale (WMS-R) were performed in brain tumor cases. WAIS-III is designed to measure intelligence in adults and older adolescents, which provides the scores of verbal intelligence quotient (VIQ), performance IQ (PIQ) and full scale IQ (FIQ), with four secondary indices including verbal comprehension, working memory, perceptual organization, and processing speed [31] . WMS-R is designed to measure different memory functions in a person, including verbal memory quotient, visual memory quotient, general memory quotient, attention/concentration quotient, and delayed recall quotient [32] . The index scores of WAIS-III and WMS-R have a mean of 100, and standard deviation of 15. Two of the patients didn't have the behavioral data so we excluded them in this analysis. ROIs were generated from the regions showing significant difference in functional connectivity between the patient group and the healthy control group (see Fig. 2A-C) . Connectivity measures were then extracted from these ROIs using the subject-specific RSN maps computed in the back reconstruction stage. The extracted values were averaged from all voxels within the ROI and average value correlated with the behavioral measures using Pearson's correlation. For reference, the correlation with all other measures, such as age, tumor volume, combined volume of tumor and peritumoral edema, WHO grading, and KPS, were evaluated as well.
Results
Dual regression analysis
Of the three RSNs investigated, only three showed significant difference in functional connectivity between the healthy control group and the patient group. Fig. 2 shows the regions with altered connectivity in the patient group for the right ECN ( Fig. 2A) , left ECN (Fig. 2B) , and DMN (Fig. 2C) . Ventral DMN showed significant decrease in functional connectivity in the right angular gyrus/inferior parietal lobe in patients with brain tumor compared to healthy controls. The right ECN also showed significant increase in connectivity around the right intraparietal sulcus in the patient group compared to the control group, whereas a significant decrease in connectivity in the left ECN was observed in the left DLPFC (Table 3) . It should be noted that two of the patients had tumors intersecting this region, which could potentially affect the estimation of the connectivity measure and the corresponding statistical test. To verify this, we did an ROI analysis to check if the obtained values are significantly different from the rest of the group (outliers). The result showed that the mean connectivity within the region for the two patients didn't significantly differ from those of the rest of the patients. Finally, analysis of the connectivity of both the anterior and posterior salience networks didn't show any significant change between the two populations.
Following previous reports [20, 21] , we also compared connectivity changes between low grade (7 participants, WHO grade 2) and high grade (5 participants, WHO grade 3 and 4) glioma patients. Results showed no significant difference in functional connectivity in all three networks investigated even when using an uncorrected p-value < 0.001.
Seed-based analysis
To investigate further whether the change in connectivity of the vDMN in the right angular gyrus was due to the location of the tumor, seed-based analysis was performed. Results of the whole-brain connectivity analysis with the right angular gyrus (Fig. 2C) as the seed region indicated significant changes in connectivity in the left hemisphere (see Fig. 3 ). A number of regions in the left hemisphere showed strong correlation with the seed region in the healthy control group as shown in Fig. 3A (indicated by the yellow circles) . On the other hand, the correlation of these regions with the seed region significantly decreases in the patient group as shown in Fig. 3B , but not the connectivity on the ipsilateral side. In particular, a significant decrease in connectivity in the left middle temporal gyrus was observed. This loss of functional connectivity from these regions to the right angular gyrus in patients with brain tumor as compared to healthy controls could be due to the presence of the tumor in this hemisphere.
Correlation analysis
To examine the relevance of the changes in RSN connectivity in the patient group, an ROI correlation analysis between RSN connectivity and neuropsychometric evaluation scores was performed. Results are shown in Table 4 and Fig. 4 . Changes in connectivity measures in the right ECN correlated with spatial memory (r = 0.66, p < 0.037), while that on the left ECN correlated with attention (r = 0.64, p < 0.045). Moreover, connectivity changes in the ventral DMN also correlated with attention (r = 0.90, p < 0.0003), working memory (r = 0.80, p < 0.006), FIQ (r = 0.65, p < 0.042), and VIQ (r = 0.65, p < 0.041) measures in the patient group. Aside from cognitive scores, only the combined volume of tumor and edema showed statistically significant negative-correlation to connectivity changes in the left ECN (r = -0.68, p < 0.03). All other measures, such as age, tumor volume, WHO grading, and KPS do not reach statistically significant correlation to connectivity changes in the right ECN, left ECN, or ventral DMN (Table 4) .
Discussion
Resting state functional MRI has played a key role in identifying the different intrinsic functional networks within the brain. In this study, we examined three well-known RSNs-which includes the DMN, ECN, and SN-in glioma patients and found significant changes in functional connectivity in the patient group compared to healthy controls in two of the three networks investigated. Moreover, the changes in connectivity correlated with the patients' cognitive function as measured by the scores of their neuropsychometric evaluation. This could potentially explain some of the behavioral changes often seen in glioma cases, such as slowness of reaction, somnolence, loss of attention, and working memory problems.
Statistically significant changes were observed in the right angular gyrus/inferior parietal lobule ( Fig. 2A) of the DMN. This is consistent with our hypothesis that unilateral tumors influenced the connectivity of the intact contralateral hemisphere. Additional seed-based connectivity analysis using this region as the seed point showed significant decrease in connectivity to the left frontal and temporal areas in the patient group (Fig. 3) . Since some tumors were located in these areas, the decrease in connectivity of the DMN was likely a consequence of the damage of the network in the left hemisphere. This finding suggests that network disruption is not confined in the tumor's location. Distant cortical or subcortical regions connected around or within the tumor are also affected. Surprisingly, we did not observe significant changes in connectivity in the left hemisphere. The reason could be that the effect on the left side varies from patient to patient, depending on the tumor location, such that the group effect is less evident and does not reach statistical significance. On the other hand, the effect on the right hemisphere is consistent among all patients leading to the observed statistical significance.
Our finding is also in general agreement with results from earlier studies [20, 21] that found similar alterations in the DMN in patients with gliomas, although some differences in details such as locations or direction of change exist. However, these could be explained by the differences in methodology as well as the type of datasets used.
Of novel importance in this study in comparison to previous reports is the correlation we found between DMN connectivity of the affected area and the cognitive function measured by cognitive evaluation scores. In general, it was indicated that there was a strong positive association between the global efficacy of functional brain networks and intelligence performance in healthy participants [33] and in brain tumor cases [22] . Although the patients showed no apparent neurological deficits such as aphasia and paresis, cognitive test scores including WAIS-III or WMS-R showed some degree of cognitive decline in some cases. We found that the integrity of the DMN positively correlated with the score of the VIQ and FIQ in the WAIS-III, the working memory, and attention ( Fig. 4C-D) . Although decreased integrity was seen in the right angular gyrus in the DMN, which showed decreased connectivity to the left frontal and temporal areas where the language center usually is located (Fig. 3) , correlation to decrease of VIQ could therefore reflect neural network alteration due to lesional damage of the left cortices.
Aside from the observed connectivity changes in DMN, we also found a decrease in integrity of the left ECN, as well as an increase in the right ECN. The changes observed in the left ECN were localized in the left DLPFC (Fig. 2B) . This is understandable considering the fact that glioma patients often show loss of attention, reduction of performance ability, and deterioration of working memory. Supporting this hypothesis is the observed significant correlation between the reduced attention score in WMS and decreased connectivity in the left ECN (Fig. 4B) . This decrease in connectivity in the left ECN was also correlated to the combined volume of the tumor and edema (Table 4 ). The edema formed by the tumor spreads in the white matter (i.e., subcortical networks), which could disrupt neighboring local network, thus, decreasing the connectivity of the left ECN. On the other hand, the score of the spatial memory correlated with connectivity increases in the right ECN (Fig. 4A) , which could be viewed as a compensation mechanism where the spatial memory function in the right ECN compensates for the reduction in verbal memory and cognition in the left ECN.
Contrary to expectation, no significant change was observed in the salience network. Considering global changes of the neural networks in glioma patients, we expected that the SN should also decrease in the same way as the other two networks. The right anterior insula, an important node of the SN, plays a crucial and causal role in switching the two other major networks (ECN and DMN). Since all subjects had their tumors in the left hemisphere, their right anterior insula remained intact, thereby possibly preserving the integrity of the salience network.
Finally, we could not find statistically significant correlation between tumor locations and cognitive functions probably due to the small number of patients in this study. However, we've seen certain trends in the available behavioral dataset. Large tumors located in both frontal and temporal lobes tended to decrease function related to language, such as VIQ, verbal comprehension, and verbal memory. Tumors in the temporal lobes extending to the insula tended to affect verbal memory. In general, working memory and attention can be affected by tumors located in the frontal lobe (the dorsolateral prefrontal cortex, medial prefrontal cortex, the anterior cingulate cortex) and/or the parietal lobe (the inferior parietal lobule). However, patients with frontal or parietal lobe tumors included in this study didn't show decline in working memory or attention. To fully understand changes of cognition, we presumed that not only topological but also network-based (hodological) approaches are necessary.
Limitations
One limitation of this study is the small number of participants, which prevented us from detecting smaller effect sizes and could also explain the null result we obtained for the salience network. Consequently, we were also unable to detect significant changes in functional connectivity between pathological grading types as has been previously done. This comparison could have provided additional insights into this issue as previous papers had shown differing views.
Another issue we were unable to examine was the effect of tumor location. It would be interesting to know how tumors on the right side could affect the observed connectivity changes in the right hemisphere or could lead to connectivity changes in the left hemisphere. Comparisons between the tumor location (right or left, frontal or temporal, etc.) could provide additional insights into our hodological understanding of brain functions in glioma patients.
There may also be a technical limitation in the evaluation of the functional connectivity in the same hemisphere as the tumor's location since the tumor mass could affect the statistical calculation in the group analysis. This is probably the reason why we didn't observe obvious connectivity changes in the DMN in the left hemisphere. However, the evaluation of contralateral side should not be affected by this.
Conclusion
In conclusion, we found changes in RSNs in patients with gliomas who showed no apparent aphasia or paresis in limbs, but with observable changes in cognitive function. Connectivity changes were observed mostly on the contralateral hemisphere supporting our hypothesis. Moreover, these alterations were correlated with the observed changes in patients' cognitive function as measured by neuropsychometric testing. Evaluation of resting state networks is therefore potentially helpful in advancing our hodological understanding of brain function in glioma cases.
